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Plants survive adverse conditions by modulating
their growth in response to a changing environment.
Gibberellins (GAs) play a key role in these adaptive
responses by stimulating the degradation of
growth-repressing DELLA proteins. GA binding to
its receptor GID1 enables association of GID1 with
DELLAs. This leads to the ubiquitin-mediated pro-
teasomal degradation of DELLAs and consequently
growth promotion. We report that DELLA-dependent
growth control can be regulated independently of
GA. We demonstrate that when a proportion of
DELLAs is conjugated to the Small Ubiquitin-like
Modifier (SUMO) protein, the extent of conjugation
increases during stress. We identify a SUMO-
interacting motif in GID1 and demonstrate that
SUMO-conjugated DELLA binds to this motif in a
GA-independent manner. The consequent seques-
tration of GID1 by SUMO-conjugated DELLAs leads
to an accumulation of non-SUMOylated DELLAs,
resulting in beneficial growth restraint during stress.
We conclude that plants have developed a GA-inde-
pendent mechanism to control growth.
INTRODUCTION
The sessile nature of plants dictates that growth must be inte-
grated with changes in the natural environment. Current
evidence indicates that a key strategy employed by plants to
survive adverse conditions is to restrain growth via DELLA accu-
mulation (Achard et al., 2006, 2008a, 2008b; Hou et al., 2010;
Navarro et al., 2008). DELLA proteins are the central repressors
of molecular pathways governed by the growth-promoting
phytohormone gibberellin (GA) (Ikeda et al., 2001; Peng et al.,
1997, 1999; Silverstone et al., 1997). Recently, DELLA protein
levels were shown to be critical for the coordination of plant102 Developmental Cell 28, 102–110, January 13, 2014 ª2014 Elsevidevelopment by light and GA (de Lucas et al., 2008; Feng
et al., 2008). The integrative role of DELLAs is heavily reliant on
the plant’s ability to control DELLA protein levels, in turn mainly
controlled through modulating the levels of GA. The current
model for GA signaling describes how this hormone binds to
its receptor GID1, thus promoting association of GID1 with
DELLA (Griffiths et al., 2006; Murase et al., 2008; Shimada
et al., 2008; Ueguchi-Tanaka et al., 2005, 2007; Willige et al.,
2007) to trigger ubiquitin-mediated proteasomal degradation
(Dill and Sun, 2001; Fu et al., 2002, 2004; Itoh et al., 2002;McGin-
nis et al., 2003; Silverstone et al., 2001; Wang et al., 2009).
Several other ubiquitin-like proteins have been described in
plants, including Small Ubiquitin-like Modifier (SUMO), which
can act to stabilize the proteins with which it is conjugated (Miura
et al., 2009). SUMO proteases remove this protein tag to desta-
bilize the deconjugated protein (Lee et al., 2006). Here, we
demonstrate a role for SUMOylation in stabilizing DELLA pro-
teins under stress conditions. We reveal a molecular pathway-
regulating plant growth that does not rely on GA levels.
RESULTS
Loss of OTS Results in Increased DELLA Levels
Independently from GA
Arabidopsis mutant seedlings lacking the SUMO proteases
OTS1 and OTS2 exhibit an enhanced inhibition of root growth
when exposed to a 100 mM salt stress compared with wild-
type (WT) (Conti et al., 2008) (Figure 1A). Because DELLAs
have been shown to modulate root growth responses upon
salt conditions (Achard et al., 2006), we addressed whether
they contribute to the reduced growth phenotype of ots1 ots2
in the presence of salt by creating an ots1 ots2 rga triple mutant,
which lacks the RGA DELLA protein. Indeed, loss of RGA
function was sufficient to alleviate the reduced root growth
phenotype of ots1 ots2 double mutants on this permissive
concentration of NaCl (Figures 1A and 1B). SUMO proteases
participate in different developmental responses in Arabidopsis,
including flowering (Conti et al., 2008; Reeves et al., 2002).
Whereas ots1 ots2 mutants are early in flowering compared
with wild-type, ots1 ots2 rga triple mutants were even earlier iner Inc.
Figure 1. OTS1 and OTS2 Modulate Growth on Salt through a DELLA-Dependent Mechanism
(A) Image of representative 10-day-old seedlings grown in petri dishes in the presence of salt (NaCl). Bar = 5 mm.
(B) Mean root growth of 10-day-old seedlings in the presence of 100 mM NaCl expressed as growth (%) relatively to the untreated controls. Error bar = SEM. n =
20–24.
(C) Accumulation of endogenous RGA (top) and GAI (bottom) proteins in 10-day-old seedlings grown in petri dishes in the absence () or presence (+) of 100 mM
NaCl. Number indicates molecular mass (kDa). Coomassie Blue filter staining (C. Blue) serves as a loading control.
(D) Mean levels of Gibberellic Acid (GA) isoforms in ots1 ots2 double mutants compared with wild-type (Col-0). Error bars = SD of three biological replicates.
See also Figure S1.
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rately (additively) in affecting the floral transition (Figure S1F
available online). Further observations confirmed that ots1 ots2
plants were affected in other GA-mediated processes, including
germination, mediated by DELLAs with more specialized func-
tions (e.g., RGL2) (Lee et al., 2002; Tyler et al., 2004) (Figures
S1A–S1C). Hence, the ots1 ots2 mutant reveals a link between
SUMOylation and DELLA-mediated growth regulation. To
directly assess the impact of the ots1 ots2 mutations on DELLA
protein abundance, immunoblot experiments were performed.
This revealed that endogenous levels of RGA and GAI DELLA
proteins were more abundant in the ots1 ots2 mutant plants
compared to wild-type (Figure 1C). Moreover, RGA accumula-
tion was even more pronounced when ots1 ots2 plants are
grown on salt-containing medium (Figure 1C). The current model
for GA signaling dictates that regulation of the abundance of
DELLA proteins is directly related to changes in levels of GA.
However, we observed that there were no significant differences
in GA levels between the ots1 ots2 mutant and wild-type plants
(Figure 1D). We also did not find substantial differences in gene
expression of RGA, GAI, or well-established GA biosynthetic
enzymes in the ots1 ots2 mutant in the presence or absence of
100 mM NaCl (Figure S1D and S1E). Our data indicate thatDevelopmOTS1 and OTS2 have a separate additive effect along with
GA on DELLA stability during salt stress. Because increased
DELLA gene transcription or altered GA accumulation could
not account for the increased DELLA protein accumulation
observed in ots1 ots2 mutants, we hypothesized that it could
be caused by a GA-independent posttranslational mechanism.
DELLA Proteins Are Modified by SUMO
We next addressed whether SUMOylation of DELLA proteins
could provide such a GA-independent mechanism for stabilizing
DELLAs. Taking advantage of a well-established transgenic line
in which RGA is expressed as a functional GFP fusion under
the endogenous RGA promoter (Silverstone et al., 2001)
(pRGA::GFP:RGA), we immunopurified GFP:RGA protein under
stringent conditions using GFP antibody-coated beads. GFP
antibody detection revealed several forms of GFP:RGA in the
immunoprecipitate migrating at a higher molecular weight than
the nonmodified GFP:RGA protein. Arabidopsis SUMO1-spe-
cific antibodies indicated that these higher molecular weight
forms of GFP:RGA were conjugated to SUMO1 (Figures 2A
and 2B). To confirm that these SUMOylated GFP:RGA forms
were targets for OTS1 SUMO protease action, we incubated
the immunoprecipitate with purified OTS1 SUMO protease asental Cell 28, 102–110, January 13, 2014 ª2014 Elsevier Inc. 103
Figure 2. SUMOylation Is a DELLA Peptide Modification Affecting DELLA Accumulation
(A) Immunoprecipitations (IP aGFP) of total proteins (input) derived from pRGA::GFP:RGA or wild-type (LerWT) seedlings. Proteins were probed with GFP (WB
aGFP) or AtSUMO1 (WB aAtSUMO1/2) antibodies. Arrow indicates GFP:RGA protein, vertical bars, the SUMOylated forms (S1-GFP:RGA) of GFP:RGA protein.
(B) Immunoprecipitation (IP aGFP) of total proteins (input) derived from 35S::GFP or 35S::GFP:NPR1 seedlings sprayed with 1 mM Salicylic acid (+ SA) or control
(SA). Arrowheads indicate the GFP:NPR1 or GFP proteins. Ponceau staining of the Rubisco large subunit afforded a loading control.
(C) In vitro deSUMOylation assay of SUMOylated GFP:RGA proteins with recombinant SUMO protease subunits of SENP1 (GST:SENP1), SENP2 (GST:SENP2),
or buffer control.
(legend continued on next page)
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SUMO Controls DELLA Levels Independently of GAwell as a catalytically inactive form of OTS1 (OTS1C526S). This
treatment resulted in the dramatic reduction of the higher molec-
ular weight, anti-SUMO1 cross-reacting bands only in the tubes
containing wild-type OTS1, strongly indicating that OTS1 SUMO
protease directly deSUMOylates DELLA proteins (Figures 2C
and 2D). Further controls excluded the possibility that the
SUMOylated forms of GFP:RGA could be derived from non-
specific SUMOylation of GFP (Figure 2B). If SUMOylation repre-
sented an important regulatory mechanism for DELLA stability in
plants, we would expect the site of conjugation to be highly
conserved in DELLA sequences across all plant species. Using
a bacterial SUMOylation system (Okada et al., 2009), we estab-
lished that lysine 65 is the critical amino acid for SUMO attach-
ment on RGA (Figure 2F). Strikingly, this SUMOylation site lysine
residue is conserved across all DELLA proteins in Arabidopsis
and other plant species, including monocots (Figure 2E). Indeed,
we also demonstrated that the other major growth regulating
DELLA protein, GAI is also SUMOylated in vivo and in vitro,
although this modification is more abundant upon salt stress
(Figures 2G and 2H). This remarkable conservation of the
SUMO site in DELLAs from divergent plant species is consistent
with this mechanism playing a critical role in DELLA signaling.
SUMOylation-Dependent DELLA Accumulation
To gain more insight into the role of DELLA SUMOylation and
its interplay with the non-SUMOylated DELLA, we analyzed the
pattern of accumulation of the SUMOylated RGA pool in con-
ditions known to stimulate DELLA accumulation. We found that
conditions that promote DELLA accumulation (high salinity)
also enhanced SUMOylated DELLA abundance (Figures 2H
and 2I). However, GA treatment induced a rapid disappearance
of both SUMOylated and non-SUMOylated RGA forms, indi-
cating that SUMOylation of DELLAs acts primarily to increase
DELLA abundance (Figure 2J). These data, however, do not pre-
clude the possibility that deSUMOylation of RGA must occur
prior to its degradation. We next sought to establish the mecha-
nistic role of SUMOylation on DELLA protein accumulation. We
previously showed that RGA protein levels are increased in
ots1 ots2 compared to wild-type. We further confirmed this
was also the case for GFP:RGA fusion proteins by crossing the(D) In vitro deSUMOylation SUMOylated GFP:RGA proteins after incubation with
(E) Cross-species alignment of the DELLA domain. The conserved lysine resid
SUMOylation motif.
(F) His:RGA SUMOylation assay in the presence of activating (E1) and conjugat
Arrows indicate the SUMOylated forms of His:RGA protein. Western blot is cond
(G) GST:GAI SUMOylation assay. AGST pull-down of total E. coli extracts (input) is
indicates the predominant SUMOylated band of GAI detected with GAI (left) and A
likely derive from the nonspecific proteolysis of GST:GAI or other SUMOylated fo
(H) Pattern of GAI:GFP accumulation in 35S::GAI:GFP seedlings grown for 10 da
(I) Pattern of SUMOylated GFP:RGA accumulation in pRGA::GFP:RGA seedlings
(J) Immunoprecipitation (IP aGFP) of total proteins (input) derived from pRGA::G
(100 mM), and compared to untreated control (ctrl).
(K) Accumulation of GFP:RGA protein in 8-day-old seedlings. Proteins derived fro
are loaded in duplicated lanes.
(L) Immunoprecipitation (IP aGFP) from total proteins (input) derived from pRG
backgrounds.
(M) Accumulation of GFP:RGA protein in 8-day-old pRGA::GFP:RGA seedlings
mock control (DMSO), (), for 1 hr.
(N) Accumulation of GFP:RGA proteins in 10-day-old pRGA::GFP:RGA seedlin
Nontransgenic (Col-0) plants serve as a negative control.
DevelopmpRGA::GFP:RGA plant lines with ots1 ots2 mutants (Figure 2K).
This allowed us to compare GFP:RGA and SUMOylated
GFP:RGA protein levels in the presence and absence of
OTS1 and OTS2 activities. We observed, as expected, more
SUMOylated GFP:RGA in ots1 ots2 mutants compared to wild-
type, and this was associated with higher GFP:RGA levels (Fig-
ure 2L). This effect on SUMOylated and non-SUMOylated
GFP:RGA was enhanced when ots1 ots2 plants were grown in
the presence of salt (Figure 2N). Enhanced stability of GFP:RGA
protein in pRGA::GFP:RGA-expressing ots1 ots2 double
mutants was confirmed by cycloheximide-mediated inhibition
of translation in these lines (Figure 2M). Our data indicate that
stress-related OTS SUMO proteases are major regulators of
DELLA levels in vivo.
SUMOylation Affects DELLA Stability
To elucidate the mechanism for how SUMOylation affects the
accumulation of DELLAs in a GA-independent manner, we
produced transgenic plants that overexpressed OTS1 and
OTS2 in the ga1-5 background (which is partially deficient in
bioactive GA and therefore allows accumulation of DELLAs).
Overexpression of OTS1 or OTS2 SUMO proteases in the
ga1-5 genetic background attenuated the growth repression
mediated by higher DELLA protein levels in these GA-deficient
plants (Figure 3A; Figures S2A–S2C). Western blot analysis
showed a clear decrease in DELLA protein accumulation, indi-
cating that continuous deSUMOylation by OTS results in lower
DELLA levels (Figure 3B). Conversely, DELLA transcript levels
were upregulated in OTS2 overexpressing lines, as a result of
an established negative feedback loop initiated by lowering
DELLA protein levels (Ariizumi et al., 2008) (Figure 3C). As
ga1-5 plants produce very low levels of bioactive Gas, it is
unlikely that an increase in GA levels can account for this dere-
pression of growth (Figure 3A). Hence, these data provide further
evidence for the existence of an alternative mechanism working
via SUMOylation that directly modifies DELLA levels.
To test this DELLA regulatory mechanism further, we pro-
duced transgenic plants ectopically expressing either a wild-
type copy of RGA fused to GFP (35S::RGA:GFP) or mutagenized
versions of RGA lacking the relevant SUMO attachment siteHis:OTS1 or His:OTS1C526S recombinant proteins.
ue is shown in bold characters. The shaded area represents a noncanonical
ing (E2) enzymes and active (His:AtS1GG) or inactive (His:AtS1AA) AtSUMO1.
ucted with RGA antibodies (WB aRGA).
shown. The SUMOylated forms of GST:GAI are shown on the right. An asterisk
tSUMO1 (right) antibodies. The extra bands revealed by AtSUMO1 antibodies
rms of GST:GAI.
ys in the absence () or presence (+) of NaCl (100 mM).
grown for 10 days in the absence () or presence (+) of NaCl (100 mM).
FP:RGA seedlings, harvested at different hours after being sprayed with GA3
m pRGA::GFP:RGA ots1 ots2 and pRGA::GFP:RGAOTS1 OTS2 lines. Proteins
A::GFP:RGA seedlings in the wild-type (OTS1 OTS2) or mutants (ots1 ots2)
transferred to liquid cultures containing Cycloheximide (CHX; 100 mM), (+), or
gs grown in petri dishes in the presence of different concentrations of NaCl.
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Figure 3. DELLA deSUMOylation Impairs
DELLA Accumulation
(A) Image of 20-day-old seedlings grown in petri
dishes.
(B) Accumulation of endogenous RGA or GAI
proteins in 9-day-old wild-type (Ler), ga1-5, or
three independent transgenic (T2) 35S::4Xmyc:
OTS2 ga1-5 lines seedlings. Western blot is con-
ducted with RGA or GAI antibodies (WB aRGA,
aGAI). RGA* indicates a cross-reaction of the GAI
antibody with RGA protein.
(C) Real-time PCR analysis of RGA, GAI, and
OTS2 transcripts levels. Total RNA derived from
the same material as in (B). Bars indicate the
expression levels as fold change variations rela-
tively to ga1-5 (arbitrarily set as one). ACTIN was
used for normalization; error bars = SD of two
technical replicates.
(D) Image of representative 16-day-old transgenic
(T4) seedlings of the indicated genotypes (Col-
0 background) grown in control or 100 mM NaCl-
containing medium for 8 days.
(E) Mean root growth of 16-day-old seedlings of
the indicated genotypes expressed as absolute
values ± SD (left) or as growth (%) relatively to the
untreated controls ± SE. Seedlings were trans-
ferred to 100 mM NaCl or control plates 8 days
after germination. Root length was measured
8 days after transfer. The mean value for three
biological replicates is shown; n = 3–4 plants per
replicate.
(F) Accumulation of GAI:GFP or gaiK49R:GFP pro-
teins in 16-day-old transgenic seedlings grown in
petri dishes. Nontransgenic plants serve as a
negative control. An asterisk indicates a cross-
reacting band detected by the GFP antibody.
(G) RT-PCR analysis of GFP transcript levels in
transgenic plants shown in (F).ACTINwas used for
normalization.
(H) Mean rosette leaves number (RLN) in long day-
grown plants scored after bolting.
See also Figure S2.
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Surprisingly, unlike 35S::RGA:GFP, the majority of 35S::
RGAK65R:GFP plants displayed a reduced stature and a slight
delay in flowering time (Figures S2D and S2E). Western analysis
in T3 lines that showed comparable levels of transgene ex-
pression (line 2 of 35S::RGAK65R:GFP and line 7 of 35S::
RGA:GFP) indicated that the K65R form of RGA accumulated
at higher levels compared to wild-type RGA, despite producing
similar transcript levels (Figure S2F). These data are indicative
of increased DELLA suppressive function conferred by the
K65R amino acid substitution in RGA, at least in the ga1-5
background, perhaps owing to reduced rgaK65R protein turnover.
Indeed, the rgaK65R protein showed increased stability
compared to wild-type following cycloheximide applications
(Figure S2F). A reduced turnover of rgaK65R protein was reflected
in the phenotype of heterozygous GA1/ga1-5 35S::RGAK65R:
GFP/ plants, characterized by a decreased GA-dependent
growth recovery compared to wild-type (Figure S2G).
Intriguingly, we notice that among the DELLAs, the SUMO site
of RGA is the most divergent in the amino acid immediately N
terminus of the lysine residue (K65), i.e., the first amino acid char-106 Developmental Cell 28, 102–110, January 13, 2014 ª2014 Elseviacterizing the SUMOylation motif (which, with the exception
of RGA and RGL1, is invariably a glutamine residue in DELLAs;
Figure 2E). Because of this, we turned our attention to the
GAI protein, more representative of the DELLA SUMOylation
motif found in plants. To avoid complex genetic interactions
with the ga1 background, we analyzed transgenic plants ex-
pressing high levels of GAI or gaiK49R fused to the GFP plants
in the Columbia wild-type background, where GA biosynthesis
occurs. The K49R substitution resulted in a dramatically
decreased GAI:GFP protein accumulation (Figure 3E) even
though the transcript levels were comparable to wild-type GAI
levels (Figure 3F). This was reflected in reduced DELLA-
suppressive function, with 35S::GAIK49R:GFP plants displaying
increased root growth compared with 35S::GAI:GFP, although
still significantly reduced compared with wild-type (Figures 3D
and 3G). Furthermore, root growth inhibition in 35S::
GAIK49R:GFP plants under salt conditions was significantly (p <
0.01, Student’s t test) less severe than in 35S::GAI:GFP (Figures
3D and 3G). Consistent with a reduced suppressive function of
the gaiK49R allele, 35S::GAIK49R:GFP displayed very similar
flowering time compared with wild-type (Figure 3H). Our dataer Inc.
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stability in planta.
SUMO Interacts with GID1 in a GA-Independent Manner
We next investigated whether the SUMOylated DELLA could
interfere with the function of other components of the GA
signaling pathway, namely, GID1 (Ueguchi-Tanaka et al.,
2005) and SLEEPY1 (McGinnis et al., 2003). Closer inspection
of the GID1 protein sequence revealed a functional SUMO
interaction motif (SIM) at its N terminus, which is widely
conserved in plants (Figures 4A–4C). In contrast, a SIM motif
could not be identified in SLEEPY1. We directly demonstrated
that recombinant glutathione S-transferase (GST)-tagged
GID1a can bind to SUMO1 in a GA-independent manner in
pull-down assays (Figure 4F), a result consolidated using sur-
face plasmon resonance (SPR) (Figure 4D). The SIM is identi-
fied on the surface of the crystal structure of GID1, where it
contributes to the interface that forms the DELLA-binding
site (Figure 4C). We then tested whether SUMOylated DELLA
had similar GID1a binding properties to uncoupled SUMO1.
Recombinant GST-tagged GID1a was incubated with a plant-
derived DELLA mixture (consisting of both SUMOylated and
non-SUMOylated forms). Using an anti-GST IP, we found
that SUMOylated RGA bound to GST:GID1a even in the
absence of GA (Figure 4G). Conversely, the binding of non-
SUMOylated RGA to GST:GID1a was strictly GA dependent.
The data and the structural model were developed using
PyMOL Graphics software based on the previously resolved
structures of GID1 and DELLA (Murase et al., 2008) (Figure 4C),
suggesting that free SUMO and SUMOylated DELLAs compete
with DELLAs for GID1 binding. An SPR assay supported this
observation (Figure 4E). The results allowed us to postulate
that a relatively small pool of SUMOylated DELLA could
stabilize the larger pool of unmodified DELLA by titrating out
GID1a protein. To test the hypothesis that GID1a protein is
rate limiting for DELLA degradation, we overexpressed GID1a
in ots1 ots2 double mutant plants, where there are higher
levels of both SUMOylated DELLA and non-SUMOylated
DELLAs (Figure 4H). We anticipated that by overexpressing
GID1a we should overcome growth restriction in salt and
sensitivity to the GA-biosynthesis inhibitor paclobutrazol
(PAC) mediated by increased DELLA levels in the ots1 ots2
double mutant. The ots1 ots2 double mutant shows a dramatic
delay in germination during PAC treatment (Figures S1A–S1C)
and is overly sensitive to salt shown by inhibition of primary
root growth (Figure 4J; Conti et al., 2008). Both these
phenotypes are suppressed when GID1a is overexpressed
in this genetic background (Figures 4I–4K). Therefore, our
data indicate that GID1 is rate limiting in maintaining the
steady-state levels of DELLA proteins. Furthermore, over-
expressing a variant GID1a with its SIM site disrupted
(GID1aV22A), further enhancing ots1 ots2 growth under both
control and salt conditions compared to the overexpression
of wild-type GID1a (Figures 4L and 4M). These data provide
crucial genetic evidence that the SIM domain in GID1 is the
target for SUMO-mediated inhibition of GID1 interaction with
DELLAs. Taken together, we conclude that SUMO is a key
regulator of DELLA accumulation by altering the availability
of GID1 (Figure 4N).DevelopmDISCUSSION
This study highlights the central role of OTS proteases in DELLA
SUMOylation control. OTS proteases are rapidly degraded
upon salt stress (Conti et al., 2008), thus contributing to hyper-
SUMOylation/accumulation of DELLAs and consequently
causing beneficial growth restraint. SUMOylation may therefore
act as a rapid growth retardation mechanism at the onset of
stress, while reduction in GA levels act as a longer-term
response, shaping overall plant growth architecture.
Currently, the main strategy used in the transmission of plant
hormones signals is to regulate the levels of key repressor or
activator proteins using the ubiquitin proteasome system in a
hormone concentration-dependent manner (Santner and
Estelle, 2009). In this context, GID1 plays a crucial link between
the hormone and ubiquitin-mediated degradation of DELLA
repressor proteins. The results reported here support the
conclusion that there is an alternative mechanism for DELLA
proteins to recognize the GA receptor GID1 via the SIM-SUMO
interaction. Our study also establishes that SUMOylation can
be recruited to block GID1 receptor access to DELLAs. The
GA-independent nature of SUMOylated DELLA interaction with
GID1 may allow a fast sequestration process, ‘‘mopping up’’
GID1 protein independently of its GA bound state (Figure 4J).
We believe that this may represent a failsafe mechanism for
DELLA accumulation occurring before a cell activates the rela-
tively slower processes associated with the downregulation of
GA during stressed conditions.
The SUMO-SIM interaction is emerging as a key theme in
molecular signaling in a wide range of organisms (Geiss-Fried-
lander and Melchior, 2007). This study describes how the
SUMO-SIM ‘‘molecular glue’’ paradigm operates within plants
to block ubiquitination of target proteins (sequestering GID1
needed for ubiquitination of DELLA). Interestingly, the SIM motif
in GID1 that interacts with SUMO1 is located in the N-terminal
helical switch region known to bind the VHYNP and LExLEmotifs
in DELLA proteins, suggesting that SUMO1 may act as a phys-
ical barrier for GID1 to bind DELLAs directly (Figure 4C). Further-
more, the SIM motif region in GID1 overlaps with the N-terminal
‘‘lid’’ region that covers the GA docking pocket within the recep-
tor. It is therefore tempting to speculate that SUMOylation may
also interfere with GA access to GID1 and consequently its bind-
ing to the DELLA motif.
DELLAs restrain plant growth, whereas GA promotes growth
by targeting the DELLAs for destruction. Different studies have
demonstrated that DELLA restraint is a crucial mechanism for
plants to modulate growth according to environmental cues
(Achard et al., 2006, 2008a). For example, DELLAs sequester
light-responsive and phytochrome-interacting transcription
factors, such as PIF3 and PIF4, and inhibit hypocotyl elongation
in the light (de Lucas et al., 2008; Feng et al., 2008). Similarly,
DELLAs also sequester JAZ proteins and prevent their inhibitory
effect on the transcription factor MYC2 in root development (Hou
et al., 2010). In all these cases, the common central thread is the
relative abundance of DELLAs, which is modulated by changes
in GA levels. We have demonstrated that dwarfism can be
reversed independently of GA levels by modifying the SUMOyla-
tion status of DELLAs and that this mechanism is particularly
important for plant growth under stress. Thus, the discovery ofental Cell 28, 102–110, January 13, 2014 ª2014 Elsevier Inc. 107
Figure 4. SUMOylated DELLA Binds GID1 through a SIM and Independently from GA
(A) Cross-species alignment of SIM B (shaded amino acids) in the GID1 protein amino terminal extension (gray).
(B) Far-western assay with peptides corresponding to SIM A and SIM B, located in the GID1a N-terminal extension. SIMs central hydrophobic core is shown in
bold character.
(C) Top view of the GID1a N-terminal extension (purple). The SIM B motif (yellow) resides at the interface between GID1a (lavender) and the GAI DELLA domain
(green). The position of the GAI SUMOylation site (K49) is shown with a red dot.
(legend continued on next page)
Developmental Cell
SUMO Controls DELLA Levels Independently of GA
108 Developmental Cell 28, 102–110, January 13, 2014 ª2014 Elsevier Inc.
Developmental Cell
SUMO Controls DELLA Levels Independently of GAan alternative mechanism regulating DELLA abundance re-
ported in this study provides an important insight into the inte-
grative role of DELLAs in controlling plant growth.
EXPERIMENTAL PROCEDURES
Plant Material and Growth Conditions
Genotypes and growth conditions and statistical methods used in this study
are detailed in the Supplemental Experimental Procedures. GA quantification
was conducted from tissue deriving from young seedlings (10 days) grown in
plant growth medium plate. GA measurements were done as before (Griffiths
et al., 2006). For proteins and transcripts analysis, surface sterilized seeds
were stratified and germinated on filter papers laid on agar growth medium,
and pooled seedlings (20–40) were harvested after 8 to 10 days.
Plasmid Construction
All constructs were made by recombining entry clones to GATEWAY destina-
tion vectors via LR Recombinase II (Invitrogen). Details on the different
constructs used in this study can be found in the Supplemental Experimental
Procedures.
Recombinant Proteins and GST Pull-Down Assay
Recombinant proteins were produced in Escherichia coli as detailed in the
Supplemental Experimental Procedures.
Surface Plasmon Resonance
SPR was carried out on a Biacore 2000 instrument at 25C. Purified GID1a
was amine-coupled to a CM5 sensor chip (GE Healthcare). Flow cell 1
was blocked using ethanolamine and used as reference. Approx. 500 RU
of GID1a was bound to flow cells 2 and 3. All binding assays were
carried out in HBS-EP buffer at a flow rate of 20 ml/min using 180 s injections
followed by 180 s of dissociation in HBS-EP. Each condition was run in dupli-
cate using proteins at 100 mg/ml in HBS-EP (containing 100 mM GA3 as
appropriate).
Far-Western Assay
Peptides corresponding to the putative SIMs in GID1 were purchased from
Cambridge Research Biochemicals. Peptides (1 mg of each) were spotted on
a nitrocellulose membrane and allowed to dry. Membranes were equilibrated
in TBST. Peptides were probed for 1 hr with recombinant His:AtSUMO1
(10 mg/ml) in TBST-milk 5%, washed, and subsequently probed with
SUMO1 antibodies for standard chemiluminescence detection.
On-Column deSUMOylation Assay
GFP:RGA proteins were affinity captured from total proteins extracts of
pRGA::GFP:RGA transgenic plants with the GFP Isolation Kit. Agarose beads
were eluted from the columns with 50 ml of 20 mM Tris HCl (pH 7.5) and split(D) Sensorgram of interaction between SUMO1 (AtS1) with GID1a. Shaded area
(E) Interaction between RGA alone with GID1a (red) and RGA and SUMO1 (AtS1
(F) GST pull-down assay between His:AtSUMO1 and GST:GID1a or GST in th
reacting band.
(G) GST pull-down assay of GFP:RGA proteins with recombinant GST:GID1a or
(H) Accumulation of GID1a:TAP proteins derived from independent T3 transgeni
(I) Mean germination rates under different PAC concentrations of wild-type (W
transgenic lines (T4). Error bars = SD of three biological replicates.
(J) Images of representative 10-day-old seedlings grown in petri dishes in the pr
(K)Mean root growth of 10-day-old seedlings in the presence of 100mMNaCl exp
n = 16 for each genotype/treatment combination.
(L) Images of representative 8-day-old seedlings grown in petri dishes in the pre
(M) Mean root growth of 8-day-old seedlings in the presence of 100 mM NaCl.
genotype/treatment combination.
(N) Model for the SUMOylation-dependent DELLA accumulation in Arabidopsis. In
the GA receptor GID1 (purple) through interaction with the SIM motif (yellow), lo
proteins. In the presence of GA, the GID1-GA complex binds DELLA, and in th
proteasomal degradation.
Developminto different tubes. Purified GFP:RGA proteins were incubated with 5–10 mg
of recombinant OTS1 or OTS1C526S, or 300 ng of GST-tagged human
SENP1 or SENP2 (catalytic domain) (Bailey and O’Hare, 2004) (Enzo Life
Sciences). After incubation (typically 1–2 hr at room temperature), the beads
were applied to the column and washed, and bound proteins were eluted
with SDS-PAGE loading buffer.
Please see Supplemental Experimental Procedures for details regarding
protein extraction, immunoprecipitation, antibodies, buffer composition, tran-
script analysis, and primers used in this study.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and two figures and can be found with this article online at http://dx.doi.org/
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